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Introduction {#jdi12492-sec-0001}
============

The number of obese individuals is increasing globally as well as domestically in Japan, and the number of obese patients with multiple obesity‐related diseases, such as diabetes, hypertension, cardiovascular diseases and sleep apnea syndrome, is also increasing, leading to a large issue both socially and economically. Although obesity complications often improve if obese individuals are able to successfully lose weight, in reality it is not an easy task to lose weight and to maintain a reduced weight. It is therefore essential to elucidate the full mechanistic picture of appetite and energy metabolism regulation for the purpose of establishing an effective and safe method for weight loss. In the present article, we reviewed the mechanism of appetite regulation by the central nervous system and the peripheral organs, as well as the vagal afferent pathway that exists between these two entities.

Appetite Regulation in the Central Nervous System {#jdi12492-sec-0002}
=================================================

The hypothalamus is the center of appetite regulation, and neuropeptide Y (NPY)/agouti‐related regulatory peptide (AgRP) neurons that enhance appetite and pro‐opiomelanocortin (POMC) neurons that suppress appetite are both present in the hypothalamic arcuate nucleus (Figure [1](#jdi12492-fig-0001){ref-type="fig"})[1](#jdi12492-bib-0001){ref-type="ref"}, [2](#jdi12492-bib-0002){ref-type="ref"}. The α‐melanocyte‐stimulating hormone produced by POMC neurons suppresses appetite by acting as an agonist of the melanocortin 4 receptor (MC4R)[3](#jdi12492-bib-0003){ref-type="ref"}. MC4R‐deficient mice show hyperphagia and obesity[4](#jdi12492-bib-0004){ref-type="ref"}, and humans carrying the MC4R mutation present with hyperphagia and obesity[5](#jdi12492-bib-0005){ref-type="ref"}, [6](#jdi12492-bib-0006){ref-type="ref"}, [7](#jdi12492-bib-0007){ref-type="ref"}. NPY and AgRP enhance appetite through the NPY receptor and MC4R, respectively. AgRP was reported to be an inverse agonist of MC4R, and competes with α‐melanocyte‐stimulating hormone to increase appetite[3](#jdi12492-bib-0003){ref-type="ref"}, [8](#jdi12492-bib-0008){ref-type="ref"}. In addition to this mechanism, AgRP also acts as an agonist to increase K^+^ efflux through inwardly rectifying potassium channel Kir7.1, and produces a strong hyperpolarization in MC4R‐expressing neurons in the paraventricular nucleus of mice[9](#jdi12492-bib-0009){ref-type="ref"}. Clinical studies examining the effects of MC4R agonists as an anti‐obesity medication are currently underway[10](#jdi12492-bib-0010){ref-type="ref"}.

![Mechanism of appetite regulation by the hypothalamus and peripheral tissues. Leptin secreted by adipocytes travels through the circulation and acts on the hypothalamic arcuate nucleus, and gut peptides such as ghrelin and glucagon‐like peptide‐1 (GLP‐1) act on the hypothalamus through the vagus nerve. Black letters indicate appetite‐enhancing peptides and white letters indicate appetite‐suppressing peptides; the interactions of these peptides are mediated by the melanocortin 4 (MC4R), gamma amino butyric acid (GABA) and leptin receptors. The α‐melanocyte‐stimulating hormone produced by the pro‐opiomelanocortin (POMC) neuron is an MC4R agonist, and the agouti‐related regulatory peptide (AgRP) is an inverse agonist of MC4R, and these antagonistically regulate appetite. Suppression of POMC neurons by NPY/AgRP neurons through the GABA receptors is also important. Solid lines and dashed lines show the representative transmission of enhancing and suppressing actions, respectively, in the hypothalamus. CCK, cholecystokinin; CRH, corticotropin‐releasing hormone; MCH, melanin‐concentrating hormone; NPY, neuropeptide Y; PACAP, pituitary adenylate cyclase‐activating peptide; PYY, peptide YY;SF‐1, steroidogenic factor 1; TRH, thyrotropin‐releasing hormone.](JDI-7-812-g001){#jdi12492-fig-0001}

Adipocytes‐derived leptin passes through the sparse blood--brain barrier near the hypothalamus, and suppresses appetite by activating POMC neurons and inhibiting NPY/AgRP neurons in the arcuate nucleus (Figure [1](#jdi12492-fig-0001){ref-type="fig"})[1](#jdi12492-bib-0001){ref-type="ref"}, [11](#jdi12492-bib-0011){ref-type="ref"}, [12](#jdi12492-bib-0012){ref-type="ref"}. In contrast, gastric‐derived ghrelin acts on the arcuate nucleus primarily through the vagal afferent pathway and nuclei tractus solitary (NTS), and enhances appetite by activating NPY/AgRP neurons and suppressing POMC neurons (Figure [1](#jdi12492-fig-0001){ref-type="fig"})[13](#jdi12492-bib-0013){ref-type="ref"}, [14](#jdi12492-bib-0014){ref-type="ref"}, [15](#jdi12492-bib-0015){ref-type="ref"}. The axons of POMC neurons and NPY/AgRP neurons are projected to the paraventricular nucleus, ventromedial nucleus, lateral nucleus and dorsomedial nucleus, and to non‐hypothalamic brain regions, thereby controlling the neuronal activity at the projection target. Furthermore, the NPY/AgRP neurons also release gamma amino butyric acid (GABA) and suppress POMC neurons through the GABA receptor[16](#jdi12492-bib-0016){ref-type="ref"}. Indeed, specific deletion of the vesicular GABA transporter gene in AgRP neurons of mice showed a lean phenotype under both normal chow and high‐fat diet. The orexigenic effect of ghrelin was robustly attenuated in these mice, indicating that GABA release from AgRP neurons is required for ghrelin‐stimulated food intake[17](#jdi12492-bib-0017){ref-type="ref"}.

In the hypothalamic paraventricular nucleus, specific neurons for the appetite suppressants, corticotropin‐releasing hormone, nesfatin, oxytocin and thyrotropin‐releasing hormone, are present, and neuronal inputs from the hypothalamic lateral nucleus and arcuate nucleus are observed (Figure [1](#jdi12492-fig-0001){ref-type="fig"})[18](#jdi12492-bib-0018){ref-type="ref"}, [19](#jdi12492-bib-0019){ref-type="ref"}. Neuronal projections to histamine neurons that suppress appetite are also observed. In addition, NPY/AgRP neurons enhance appetite by suppressing oxytocin neurons through GABA receptors expressed on oxytocin neurons in the paraventricular nucleus[20](#jdi12492-bib-0020){ref-type="ref"}. Prader--Willi syndrome, a condition in which hyperphagia and obesity is present from the childhood, exhibits a partial disappearance of oxytocin neurons[21](#jdi12492-bib-0021){ref-type="ref"}. Oxytocin has also been studied as an anti‐obesity medication, and peripherally administered oxytocin activated vagal afferent neurons and suppressed food intake through the NTS[22](#jdi12492-bib-0022){ref-type="ref"}. A double‐blind single‐dose study of intranasal oxytocin in humans showed that the energy intake through voluntary food consumption was significantly reduced in the oxytocin group compared with placebo[23](#jdi12492-bib-0023){ref-type="ref"}.

Neurons containing appetite‐enhancing orexin or melanin‐concentrating hormone are present in the hypothalamic lateral nucleus, and MC4Rs expressed on each of these neurons mediate the actions of POMC and NPY/AgRP neurons (Figure [1](#jdi12492-fig-0001){ref-type="fig"})[24](#jdi12492-bib-0024){ref-type="ref"}, [25](#jdi12492-bib-0025){ref-type="ref"}, [26](#jdi12492-bib-0026){ref-type="ref"}. Although melanin‐concentrating hormone receptor antagonists have been tried as an anti‐obesity medication[27](#jdi12492-bib-0027){ref-type="ref"}, [28](#jdi12492-bib-0028){ref-type="ref"}, there are currently no clinical trials in progress investigating such drugs. The ventromedial nucleus of the hypothalamus has been classically referred to as the 'satiety center,' and expresses high levels of the leptin receptor and MC4R; furthermore, neurons containing steroidogenic factor 1 or pituitary adenylate cyclase‐activating peptide are also present in this region (Figure [1](#jdi12492-fig-0001){ref-type="fig"})[29](#jdi12492-bib-0029){ref-type="ref"}, [30](#jdi12492-bib-0030){ref-type="ref"}. Steroidogenic factor 1 is a transcription factor that regulates energy homeostasis by modulating energy expenditure and leptin receptor expression in the ventromedial nucleus[31](#jdi12492-bib-0031){ref-type="ref"}. Mechanisms of central anorectic action of pituitary adenylate cyclase‐activating peptide are the activation of the POMC neuron and the increase of POMC messenger ribonucleic acid expression in the arcuate nucleus[32](#jdi12492-bib-0032){ref-type="ref"}, [33](#jdi12492-bib-0033){ref-type="ref"}. Pituitary adenylate cyclase‐activating peptide was also required for leptin\'s effects including the reduction of food intake and increase in sympathetic nerve activity in white adipose tissue[34](#jdi12492-bib-0034){ref-type="ref"}, [35](#jdi12492-bib-0035){ref-type="ref"}.

Other molecules, such as serotonin and noradrenaline, are also involved in appetite suppression, and anti‐obesity medications that target these amines have been developed. One such example is mazindol, which is the only anti‐obesity medication presently available in Japan. Mazindol inhibits the re‐uptake of noradrenaline at the presynapse, and shows its effects by paraventricular nucleus excitation and lateral nucleus suppression[36](#jdi12492-bib-0036){ref-type="ref"}. However, caution against drug dependency is necessary, because its pharmacological action is similar to that of amphetamine[37](#jdi12492-bib-0037){ref-type="ref"}. Furthermore, it is contraindicated in severe hypertension and cerebrovascular disorders, and careful administration is essential in diabetes. Lorcaserin, an anti‐obesity medication approved in Western countries, is a serotonin 2C receptor agonist, and suppresses appetite through the serotonin 2C receptor expressed on POMC neurons[38](#jdi12492-bib-0038){ref-type="ref"}, [39](#jdi12492-bib-0039){ref-type="ref"}, [40](#jdi12492-bib-0040){ref-type="ref"}, [41](#jdi12492-bib-0041){ref-type="ref"}.

Vagus Nerve that Links the Digestive Tract and the Central Nervous System {#jdi12492-sec-0003}
=========================================================================

The vagus nerve is the 10th cranial nerve that transmits various information from the digestive tract to the central nervous system. The vagus nerve is composed of both afferent fibers (visceral sensory nerve) and efferent fibers (motor nerves), although more than 70% of the subdiaphragmatic trunks are composed of afferent fibers[42](#jdi12492-bib-0042){ref-type="ref"}. The vagus afferent nerve is a bipolar neuron with the cell body located in the nodose ganglion, exhibiting a projection to the NTS and one to various peripheral organs (Figure [1](#jdi12492-fig-0001){ref-type="fig"}). A part of the peripheral nerve terminals of the vagal afferent fibers is distributed along the mucosal and submucosal layers of the digestive tract, and sends information from molecules, such as gut peptides, to the central nervous system through the NTS[43](#jdi12492-bib-0043){ref-type="ref"}. Meal‐induced stretching signals through gastric mechanoreceptors are also sent by the vagal afferent fibers. Nesfatin neurons also contribute to this mechanism, at least in part, because gastric distension activates nesfatin‐expressing neurons in the NTS of rats[44](#jdi12492-bib-0044){ref-type="ref"}. In addition, the glucagon‐like peptide‐1 (GLP‐1) receptor in the NTS plays a role in appetite suppression by detecting mechanical‐stretching stimuli of the stomach[45](#jdi12492-bib-0045){ref-type="ref"}.

Gut Peptides and the Vagus Nerve {#jdi12492-sec-0004}
================================

Although there are many types of gut peptides, ghrelin, which is produced and secreted by the stomach, alone enhances appetite[13](#jdi12492-bib-0013){ref-type="ref"}, [14](#jdi12492-bib-0014){ref-type="ref"}, [15](#jdi12492-bib-0015){ref-type="ref"}. All other peptides, such as cholecystokinin (CCK), peptide YY (PYY) and GLP‐1, play a role in appetite suppression[46](#jdi12492-bib-0046){ref-type="ref"}. Peptides produced in the digestive tract bind to their respective receptors located at the vagus nerve fiber terminals, which extend to the mucosal layer of the digestive tract. Each of these receptors is synthesized in the nodose ganglion, and is subsequently transported to the terminals on the digestive tract end. When the gut peptide binds with its receptor, the vagal afferent discharge is suppressed in the case of appetite‐enhancing peptide ghrelin, and is increased for appetite‐suppressing peptides CCK, peptide YY and GLP‐1[15](#jdi12492-bib-0015){ref-type="ref"}. As described, gut peptide information is converted to electrical signals and reaches the brainstem (NTS), thereby controlling neurotransmitter release from the brainstem and sending information to the superior neuron towards the hypothalamus (Figure [1](#jdi12492-fig-0001){ref-type="fig"}). For ghrelin, information that ascends the vagal afferent pathway is transmitted to noradrenaline neurons at NTS, and appetite‐enhancing actions are exhibited through the promotion of noradrenaline secretion from the hypothalamus[14](#jdi12492-bib-0014){ref-type="ref"}. Peptide YY promotes the electrical activity of vagal afferent fibers, sends satiety signals to the hypothalamus, and activates appetite‐suppressing POMC neurons and suppresses appetite‐enhancing NPY neurons in the hypothalamic arcuate nucleus[47](#jdi12492-bib-0047){ref-type="ref"}. Nesfatin is expressed in the hypothalamus and the peripheral organs including the stomach and duodenum. Peripherally administered nesfatin reduced food intake through activation of vagal afferent fibers and subsequently post‐synaptic neurons in the NTS[48](#jdi12492-bib-0048){ref-type="ref"}, [49](#jdi12492-bib-0049){ref-type="ref"}, [50](#jdi12492-bib-0050){ref-type="ref"}.

Interaction between Multiple Peptides {#jdi12492-sec-0005}
=====================================

In the vagus nerve, multiple receptors are co‐expressed on one cell body, and affect food intake in an additive, synergistic or antagonistic manner. For example, both leptin and CCK receptors are expressed on the vagus nerve. Cultured vagus nerve ganglion cells treated with CCK alone showed activation at 10 nmol/L, which is approximately 1,000‐fold the physiological concentration; however, cells simultaneously treated with both leptin and CCK showed activation at 10 pmol/L, which is the physiological concentration of CCK[51](#jdi12492-bib-0051){ref-type="ref"}. *In vivo* experiments have also shown that the combination of CCK and leptin exhibits a greater appetite‐suppressing effect than CCK treatment alone[52](#jdi12492-bib-0052){ref-type="ref"}. The mechanism of CCK action promotes the translocation of early growth response‐1 (EGR1), an immediate‐early gene in the vagal afferent pathway, into the nucleus, thereby upregulating the expression of appetite‐suppressing cocaine‐ and amphetamine‐regulated transcript, and consequently suppressing appetite[51](#jdi12492-bib-0051){ref-type="ref"}. The mechanism of leptin action upregulates EGR1 expression through signal transducer and activator of transcription 3, and synergistically suppresses appetite with CCK. In contrast, ghrelin blocks EGR1 nuclear translocation and signal transducer and activator of transcription 3, and also competes with both CCK and leptin, thereby enhancing appetite[51](#jdi12492-bib-0051){ref-type="ref"}. CCK activates nesfatin‐expressing neurons in the paraventricular nucleus and NTS in rats[53](#jdi12492-bib-0053){ref-type="ref"}. In contrast, the orexin and CCK receptors are expressed in vagal afferent neurons in humans and rats. The vagal afferent discharge increased by CCK was attenuated by prior administration of orexin[54](#jdi12492-bib-0054){ref-type="ref"}. This is an example of the antagonistic interaction between anorectic and orexigenic peptides through the vagus nerve.

Although ghrelin and GLP‐1 exhibit opposite effects on food intake and the electrical activity of the vagus nerve, we showed that appetite suppression and increased vagus nerve discharge observed with GLP‐1 administration are canceled when rats are pretreated with ghrelin 30 min before GLP‐1 (unpublished data). Similarly, appetite enhancement and suppressed vagus nerve discharge observed with ghrelin administration are canceled when rats are pretreated with GLP‐1 30 min before ghrelin. Similar results were also shown in a study that investigated CCK and ghrelin[55](#jdi12492-bib-0055){ref-type="ref"}. However, when the two peptides are administered 60 min apart, the interaction disappears, and the normal effects of the peptide administered secondarily are observed (unpublished data). This indicates that satiety signals after eating are canceled when time passes to some extent, playing an essential role in the time‐dependent control of satiety and hunger. It has also been reported in humans that postprandial CCK and GLP‐1 secretion peaks earlier when eating quickly, as compared with eating slowly[56](#jdi12492-bib-0056){ref-type="ref"}. Ghrelin reaches peak circulating concentrations in a fasting state immediately before a meal[57](#jdi12492-bib-0057){ref-type="ref"}, thereby showing appetite‐enhancing effects; however, because elevation in the circulating levels of CCK and GLP‐1 occurs early with fast eating, appetite suppression by CCK and GLP‐1 is not fully shown, potentially leading to loss of satiety and hyperphagia. Furthermore, it has been reported that ghrelin inhibits GLP‐1 receptor translocation to the cell membrane in the vagus nerve[58](#jdi12492-bib-0058){ref-type="ref"}, and when the circulating ghrelin concentration decreases postprandially, the GLP‐1 receptor is translocated to the cell membrane, facilitating the GLP‐1 actions.

Vagus Nerve in Obesity and Diabetes {#jdi12492-sec-0006}
===================================

It has been reported that there are alterations in vagus nerve responses toward appetite‐regulating peptides in an obese state. In high‐fat diet‐fed obese mice, the vagus nerve response to CCK and leptin is known to decrease[59](#jdi12492-bib-0059){ref-type="ref"}. As a result, the effects of appetite‐suppressing peptides are attenuated in obesity, and this is thought to contribute to the further promotion of obesity. In addition, the intestinal flora is altered (decreases in phylum *Bacteroidetes* and increases in phylum *Firmicutes*), and lipopolysaccharide production is increased in obesity[60](#jdi12492-bib-0060){ref-type="ref"}. Lipopolysaccharide upregulates the expression of suppressor of cytokine signaling‐3 that elicits leptin resistance through Toll‐like receptor 4 expressed in the vagal afferent pathway[61](#jdi12492-bib-0061){ref-type="ref"}. Consequently, responses to CCK decline as previously described, leading to disrupted appetite suppression. It has been reported that such leptin resistance occurs at the vagus nerve before it occurs at the hypothalamus in an obese animal model[61](#jdi12492-bib-0061){ref-type="ref"}. We also showed that mice fed a high‐fat diet develop inflammation in the intestinal tract as a result of changes in the intestinal flora, and that this inflammation spreads to the vagus nerve ganglion cells and the hypothalamus through the vagal afferent pathway distributed along the intestinal tract[62](#jdi12492-bib-0062){ref-type="ref"}. Furthermore, inflammation also spreads to the vagus nerve ganglia and hypothalamus similarly in mice given a high‐fat diet for only 1 day[63](#jdi12492-bib-0063){ref-type="ref"}. In contrast, although plasminogen activator inhibitor‐1 is known to increase in obesity, plasminogen activator inhibitor‐1 is reported to antagonize the appetite‐suppressing effects of CCK by blocking the translocation of EGR1 into the nucleus in vagus nerve ganglion cells[64](#jdi12492-bib-0064){ref-type="ref"}. Therefore, a vicious cycle ensues in obesity, where the actions of appetite‐suppressing peptides are decreased through changes in the intestinal flora, leading to the development of inflammation and increased plasminogen activator inhibitor‐1.

Autonomic neuropathy is one of the complications of diabetes, and conditions such as orthostatic hypotension, gastric atony or neurogenic bladder are sometimes observed. In diabetes, demyelination of the vagus nerve, and damage to the axon and dendrite of the sympathetic ganglion are also observed at times[65](#jdi12492-bib-0065){ref-type="ref"}. This might lead to inadequate transmission of food intake signals through the vagus nerve from the aforementioned gut peptides to the central nervous system and the consequent development of appetite regulation abnormalities, such as hyperphagia. However, there are no appropriate methods at the present time to functionally evaluate the vagal afferent pathway of the digestive tract in humans. Future investigation is therefore necessary.

Weight Loss Therapy Targeting the Vagus Nerve {#jdi12492-sec-0007}
=============================================

The vagus nerve is also currently the focus of study as a target for weight loss. During the time‐period when vagotomy was carried out to treat peptic ulcers, postoperative weight loss and decreased appetite were frequently observed[66](#jdi12492-bib-0066){ref-type="ref"}. However, these effects were not long‐term, and were attributed to the physical adaptation that occurs after vagotomy. In recent years, clinical studies in which the vagus nerve is electrically stimulated with an implantable device have been ongoing[67](#jdi12492-bib-0067){ref-type="ref"}. In an open‐label observational study, an implantable device with electrodes positioned at the anterior and posterior vagal trunks was evaluated for 6 months, and a 14.2% (mean) decrease in excess weight (total bodyweight -- ideal bodyweight) was observed in study participants with a mean body mass index of 41.2[67](#jdi12492-bib-0067){ref-type="ref"}. In a study that followed obese patients with type 2 diabetes for 1 year, the mean excess weight loss was 25%, HbA1c declined by 1.0% and systolic blood pressure was reduced by 8 mmHg[68](#jdi12492-bib-0068){ref-type="ref"}. In a recently reported double‐blind controlled trial that included 239 morbidly obese individuals (mean body mass index of 41.0), a 8.6 × 7.1 × 1.6‐cm device was ligated to the vagus nerve by a laparoscopic procedure under general anesthesia, and a controller was implanted subcutaneously[69](#jdi12492-bib-0069){ref-type="ref"}. Both the treatment and control groups received diet and exercise counseling, as well as weight management education, and were followed for 1 year. Device manipulations, such as periodic battery recharging, were required for both groups. Participants in the treatment group received at least 12 h of vagal blocking by electrical stimulation during waking hours per day, whereas those in the control group received a sham device that did not deliver electrical stimuli. Although a 6% initial bodyweight loss was observed in the control group after 1 year, a significantly greater weight loss of 9.2% was observed in the treatment group. At 1 year, 52% and 38% of the treatment group achieved an excess weight loss of at least 20% and at least 25%, respectively, and both of these levels were significantly greater than that of the control group. Although serious adverse events were not observed, mild to moderate heartburn, dyspepsia and abdominal pain were observed in the treatment group[69](#jdi12492-bib-0069){ref-type="ref"}. The 18‐month follow‐up results from this trial were recently reported; the treatment group weight loss was maintained at 8.8% (similar to the level at 12 months), whereas the control group rebounded to 3.8% weight loss[70](#jdi12492-bib-0070){ref-type="ref"}. There are several unclear points regarding the mechanism of weight loss induced by electrical stimulation to the vagus nerve. Although conditions, such as reduced gastric motility, reduced gastric excretion, increased postprandial satiety and decreased hunger between meals, are presumed to play a role in such a mechanism, future investigations regarding the role of gut peptides are anticipated.

Conclusion {#jdi12492-sec-0008}
==========

The vagus nerve serves to link and exchange signals between the periphery and central nervous system, and is an essential pathway in the regulation of food intake and energy metabolism. It has become clear that abnormalities, such as inflammation, are elicited in the vagus nerve in obesity, leading to disrupted transmission of signals for appetite regulation. In addition, although the vagus nerve has become a target for weight loss therapy, it is anticipated that the mechanism of food intake and energy metabolism regulation involving the vagus nerve will be clarified, and that the application of such findings will lead to the development of novel therapeutics in the future.
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